This study is a review paper collecting all previous investigations on the thermal structure and the geothermal potential of the Cappadocia region. The main purpose of this review is to reveal the geothermal potential of the research area and stimulate the geothermal exploration. The scientific objective of this paper is to present a compilation of previous studies on the thermal behavior of the crust in the Cappadocia region and to indicate the geothermally prospective areas in the region. Authors of this study commenced the search of potential geothermal areas in Turkey using the aeromagnetic anomalies, starting from the Central Anatolia. They initiated the investigations of shallow crustal structure of Cappadocia, first and determined recently formed depressions down to 2 km. In the second stage of these research activities, detailed CPD calculations were performed and mapped throughout Cappadocia. They found an elliptical shallow CPD anomaly up to 7 km where the geothermal gradient is obtained as 68 °C/km in the apex of the anomaly. In connection with these values, heat flows were estimated up to 210 mW/m, while the radiogenic heat production is being observed as maximum of 0.70/μWm in this area. These calculations are different and more encouraging than the general regional heat-flow map of Turkey calculated previously from the hot springs and bottom-hole temperatures of shallow wells. A possible magma chamber beneath the caldera-like circular depression between Nevsehir-Aksaray-Nigde-Yesilhisar cities is thought to be the main reason for high heat flow and high geothermal gradient in association with the young volcanism in and around Cappadocia. Due to lack of reservoir units, hydrothermal-geothermal energy possibility is not expected in this region. On the other hand, large anomalous area between Nigde, Aksaray and Nevsehir presents very high hot dry rock (HDR) energy potential which is considered as the most prospective geothermal energy type in the future.
Introduction
The Cappadocia region is located in the Central Anatolian Plateau of Turkey (Fig. 1) . It is very famous and one of the most popular touristic destinations in Turkey with its world-wide known fairy chimneys, churches-monasteries carved in the soft volcanic rocks, underground cities and spectacular valleys. Its geology is very challenging for the geoscientists with the complex successive volcanic settlements throughout the geologic history and it is called with different names such as the Cappadocian Volcanic Complex (CVC), Cappadocia Volcanic Province (CVP) or the Central Anatolian Volcanic Province (CAVP) in the literature Buyuksarac et al. 2005; Ciner et al. 2015; Sarikaya et al. 2015; Kosaroglu et al. 2016; Bilim et al. 2017a; Karabacak et al. 2017) . The geological framework has been shaped under the Alpine Orogenic processes and active tectonics reigned in the region for the recent periods (Ciner et al. 2012 Fernández-Blanco et al. 2013; Ozsayin et al. 2013; Melnick et al. 2017) . The Sereflikochisar-Aksaray Fault (SAF) to the west and Ecemis Fault (EF) to the east are the main tectonic elements on the surface extending along the boundaries of this area (Fig. 1) . Magmatic developments within the CVC are explained in two major episodes; one in the Neogene and the second one in the Quaternary. These magmatic rocks covering more than 20,000 km 2 are generally composed of the Upper Miocene-Holocene ignimbrites, volcanic ashes, lavas and volcano-sedimentary units deposited in the basinal parts of the region. They were all settled on the Kirsehir Block and outcrops of the Kirsehir units are observed as a surrounding belt around CVC. Simplified geological map of the study area is given in Fig. 1 and this complex is represented with an apparent and strong magnetic anomaly (Fig. 2) .
Cappadocia, including CVC, volcanoes, calderas and other tectonic elements in association with the CVC has been investigated for a long time (Sassano 1964; Pasquare 1968; Innocenti et al. 1975; Batum 1978a, b; Ekingen 1982; Bas et al. 1986; Pasquare et al. 1988; Le Pennec et al. 1994; Toprak, 1998; Piper et al. 2002 Piper et al. , 2013 Ates et al. 2005; Buyuksarac et al. 2005; Aydemir 2009; Ciner et al. 2015; Sarikaya et al. 2015; Kosaroglu et al. 2016; Bilim et al. 2017a; Karabacak et al. 2017) . In addition to the geological studies, recent investigations are based on the different geophysical methods using the gravity, aeromagnetic, electrical sounding, electromagnetic, magnetotelluric and geothermic data (Ilkisik et al. 1997; Froger et al. 1998; Ates et al. 2005; Buyuksarac et al. 2005; Kosaroglu et al. 2016; Bilim et al. 2017a; Tank et al. 2018) . The most recent investigations focused on the deep and shallow crustal structures together with their influence on the thermal properties and the geothermal potential of the Cappadocia region. Tank et al. (2018) investigated the electrical properties of the crust and upper mantle to the south of Cappadocia, around Nigde Massif and Ecemis Fault corridor. The initial research for the thermal investigation covers larger area than CVC by calculating the Curie Point Depths (CPD) within the entire Central Anatolia ). In the same year, Buyuksarac et al. (2005) investigated the deeper structure of the Cappadocia region using the aeromagnetic and gravity data. Kosaroglu et al. (2016) completed the crustal investigation by studying shallow parts of the crust. Both investigations' results are consistent with each other pointing out the existence of 70 × 50 km 2 ellipsoidal deep area beneath CVC Ates et al. 2005; Aydemir 2009 ). NAF North Anatolian Fault, EAF East Anatolian Fault Zone, KEF Kirikkale-Erbaa Fault, LT Lake Tuzgolu (Salt Lake), SAF Sereflilochisar-Aksaray Fault, EF Ecemis fault, CVC Cappadocian Volcanic Complex, EVC Erciyes Volcanic Complex resembling a large caldera. It was recognized as the magma chamber that may be the possible reason for the high heat flow and the geothermal potential of the region. The most recent investigation (Bilim et al. 2017a ) totally focuses on this ellipsoidal structure that indicates 7-km-deep CPD and very high geothermal gradient (up to 68 °C/km).
This paper presents a collection to review of all these previous studies for providing a wide angle view about the thermal structure of the Cappadocia and surrounding region to stimulate geothermal exploration activities and to diversify the natural prosperities of the Cappadocian region in addition to the natural beauties and touristic attractions. Besides the possible power generation from the clean geothermal energy, new SPA resorts and thermal facilities may also be established to diversify the touristic desires in this region.
Geology
The Kirsehir Block is mainly composed of metamorphics, ultra-mafic rocks and acidic intrusions. They are altogether accepted as the basement for sedimentary units deposited in the Central Anatolian basins, and for the young volcanic and volcano-clastic units. The lithology of the Kirsehir Block is composed of gneiss and granitic-gneiss at the bottom, marbles and schists in the middle and thick marbles on top (Seymen 1982) . They are followed by the Campanian-Maastrichtian Karakaya ophiolitic nappes proceeded from the north (Bingol 1974) . These nappes are observed as greenish-black colored gabbroic rocks in the north of Aksaray. Different granite types of the Baranadag Plutonite as the largest magmatic intrusion in the Central Anatolia were emplaced from the Upper Cretaceous to Lower Eocene and they also give outcrops to the west of the Cappadocian region (Seymen 1982) .
The volcanic activity started in the south of the Cappadocia region around Mt. Melendiz and Mt. Hasan. Particularly, Mt. Hasan is located in the middle of three depressions (Aydemir and Ates 2006; Aydemir 2008) in accordance with the suggestion of Pasquare et al. (1988) who claimed that the volcanism was developed in the tectonic depressions in Central Anatolia. The coverage of CVC extends from the Taurus Mountains and Aksaray to the south and west, through Kayseri in the north. In the south, the volcanism is represented by the Neogene (mid to Upper Miocene) ignimbrites and, lava-ash flows and tuffs of Mt. Melendiz and Mt. Hasan and by the andesitic gray-colored lava flows (Besang et al. 1977) . The Erdas (Kizilcin) volcanites are composed of andesitic agglomerate and andesitic lava around Acigol (Bigazzi et al. 1993 ). During the Lower Pliocene time, volcanic activity is followed as eruptive ignimbrites and tuffs around Aksaray and it is called as Gostuk Formation (Innocenti et al. 1975; Besang et al. 1977) . The Karakaya Formation was deposited during the silent period between eruptions and it has fluvial and lacustrine characteristics represented with reddish mudstone, white-yellow thick limestone and tuffite with andesitic layers with basalt pebbles (Ayhan and Papak, 1988) . They are followed by the Selime tuffs and ignimbrites of Gelveri and Kizilkaya Formations. The Selime tuff unit with 20-80-m thickness covers larger area than others to the east of Aksaray. The Selime tuffs and Kizilkaya ignimbrites form a sandwich-like structure together with an andesitic lava layer (10-15 m) which is called as the Gelveri Lava. 4-15 m thick Kizilkaya ignimbrites are observed on the flat topography from Aksaray to the east creating volcanic columns (Innocenti et al. 1975; Besang et al. 1977) . The volcanic activity stopped and there was a silent period until the Quaternary. However, re-activation of volcanism started in the Quaternary by the emplacement of Acigol rhyolites, obsidians and lava originated from the eruptions of Mt. Hasan and Mt. Melendiz. This period is terminated with the olivine basalt flows (Ayhan and Papak 1988) . The Acigol Complex is originated from a shallow caldera (about 150-m deep) and it has a thick pyroclastic cover including rhyolitic cones in the area from Nevsehir to Acigol (Fig. 1 ). Their age was determined using fission-track method and it was found Quaternary (Bigazzi et al. 1993) .
The Melendiz Volcanites are the largest volcanic cover in the study area and composed of andesite and andesite-basalt lavas, and pyroclastics. The radiometric age determination gives 6.5 ± 0.2 ma and 5.1 ± 0.15 ma (Besang et al. 1977) . The most remarkable volcano in the Cappadocia is the Mt. Hasan (Fig. 2 ) and its eruptive units are explained in three groups: The first unit is described with the tuffs, ashes and andesites overlaid by the basaltic lava. The other unit is composed of ash, pumice and small fragments of obsidian together with lava layers. The young units are the lavas observed to the south of Buyuk Hasan Dagi crater and they are mainly black, blackish-gray and dark colored andesitic lavas. Light colored dacitic lavas are observed around the mountain apexes. The youngest eruptive units are hornblende and olivinic basalts covering and creating flat topography (Ayhan and Papak 1988) .
Potential field (gravity and aeromagnetic) data
The gravity and aeromagnetic data were obtained for a project from the General Directory of the Mineral Exploration and Research of Turkey (MTA). Gravity survey values were tied to the Potsdam reference value (981,260.00 mgal) and their grid interval was chosen as 2.5 km. Corrections such as the latitude, free-air, Bouguer, topographical and tidal effects were performed by the geophysical department of MTA ( Fig. 3) .
Aeromagnetic data were collected by an aero-service on behalf of MTA, measuring the total component of the geomagnetic field along with the 2-km distant profiles in N-S directions. The flight altitude is approximately 2000 ft and sampling interval is 70 m. The collected data were reduced to October 1982 values correcting the daily variation-direction errors. The "International Geomagnetic Reference Field-IGRF" values were removed from the corrected data to obtain the residual values, and the consequent residual magnetic anomaly map is given in Fig. 2 . The program of Baldwin and Langel (1993) method was used during the removal procedures.
Gravity anomalies of the Cappadocia region
Power spectrum of the gravity anomalies in Cappadocia and vicinity was studied by Kosaroglu et al. (2016) for the shallow structure of the region from the surface and they found two apparent causative bodies with top depths at 2.19 km and shallower one at 0.317 km. On the other hand, the deeper structure was previously revealed by the threedimensional (3D) modeling of the pseudogravity anomalies transformed from the aeromagnetic anomalies . The top and bottom depths of the deeper causative body are at 6.3 and 11 km, respectively. In detail, Buyuksarac et al. (2005) determined two separate anomalous regions, the high-gravity region around Aksaray and to the E-NE, and relatively low-gravity region between Nigde and Aksaray. The high-gravity anomaly to the E-NE of Aksaray is apparently observed in the gravity map (Fig. 3) . It is also evident in the magnetic anomaly with its negative and positive polar distinction (Fig. 2) . This high gravity anomaly was associated with a plutonic emplacement that gives small-size outcrops in spite of its larger anomalous coverage . The Baranadag Pluton located to the NW indicates the same kind of lithological characteristics with the outcrops of the rocks that created this large anomaly. Due to similarities, they are thought to be as the contemporaneous intrusions from the same origin. The low-gravity region between Nigde and Aksaray (Fig. 3) is covered with the volcanic cover units and they present significantly complex magnetic anomalies (Fig. 2) . The depth of this causative body was found very shallow (0.5-1 km) according to 3D and 2D model studies along with two profiles by Kosaroglu et al. (2016) . It means that the large plutonic intrusion is very shallow and it has only small surfacial indications. The relatively low gravity anomaly is originated from the deep basinal structure surrounding the Mt. Hasan (Aydemir 2005 (Aydemir , 2008 Aydemir and Ates 2006) . The shallow and deep modeling results in these investigations (Aydemir 2005 (Aydemir , 2008 Aydemir and Ates 2006; Kosaroglu et al. 2016 ). indicate almost the same pattern under the low-gravity region and Mt. Hasan is surrounded by the depressions from the three directions (NW, NE and SE); while the Mt. Melendiz is being observed as an island within the deep basinal settlement in the model studies (Fig. 4) . It may be suggested that they do not have deep roots (or vertical vents) beneath their geographical locations and they may be volcanic eruptions coming from the vents extending down to a magma chamber . The anomaly to the SE of Nigde in Fig. 4 is directly related with the Nigde Massif that is CPD, geothermal gradient, heat flow and crustal radiogenic heat production maps from the aeromagnetic anomalies CPD, geothermal gradient, heat flow and radiogenic heat production maps of the Cappadocia region were produced recently, from the aeromagnetic data by Bilim et al. (2017a) . The main reason for that research was to reveal the geothermal potential of the region. The regional heatflow map for all Turkey was constructed by Tezcan and Turgay (1987) according to hot springs and borehole data drilled by MTA. The map of Tezcan and Turgay (1987) is very general and it also indicates a high heat-flow anomaly in the Central Anatolia. However, its location is to the NW of Kayseri. The surface heat-flow map of the study area, prepared by Tezcan and Turgay (1987) , was already given in Bilim et al. (2017a) . In the study of Ates et al. (2005) , power spectrum of the magnetic anomalies was used to obtain the CPD map of the Central Anatolia for the first time and in the successive calculations, the geothermal gradients were also estimated. This study stimulated the CPD investigations in different parts of Turkey based on the aeromagnetic data and power spectrum of their anomalies. However, Ates et al. (2005) did not approximate the heat flows and they did not create the radiogenic heat production, either. They also found the anomalous zone of shallow CPDs between Aksaray and Kayseri. The shape of the anomaly has an elliptical extension from the NW to SE (Fig. 5 ). Because their map is a general map and it reflects high potential of geothermal energy in Cappadocia, Bilim et al. (2017a) tried to study this region in detail and to localize the potential area. In addition, the lack of localized heat-flow map(s) was also filled using two different thermal conductivity coefficients (2.3 W/m/K and 2.7 W/m/K). Springer (1999) explained that the thermal conductivity coefficients should be taken between the 2.5 W/m/K and 3.0 W/m/K for the upper crust. Because the CPD values are very shallow in the study area, these coefficients are chosen as 2.3 W/m/K to represent the extremely shallow part of the crust and 2.7 W/m/K for the moderately shallower parts. Additionally, the radiogenic heat production map followed these maps as a derivation from the CPD calculations. The mathematics behind this estimation is also given in Bilim et al. (2017b) and will not be repeated in this study. To determine the relationship between the major intrusions and magnetic anomalies, magnetic data were transformed to Analytic Signal (AS) and the maximum gradients (maxspots) were also calculated and applied onto the AS map by Bilim et al. (2017a) . Contour interval is 2 km. Modified from Ates et al. (2005) CPD estimation is performed to determine the depths of certain temperature at which the magnetic minerals loose their magnetic characteristics. They turn to paramagnetic (demagnetic) minerals from the ferromagnetic form at the Curie temperature. In general, the critical temperature is 580 °C for the continental crust (Okubo et al. 1985; Schlinger 1985; Frost and Shive, 1986; Hunt et al. 1995; Tanaka et al. 1999; Stampolidis and Tsokas 2002; Ross et al. 2006; Rozimant et al. 2009 ). Details about how the CPD estimation is performed can be found in the publications of Okubo et al. (1985 Okubo et al. ( , 1989 . CPD map of the Cappadocia region is given in Fig. 6 with small modifications of the map given in Bilim et al. (2017a) . In the new map, AS anomalies and maxspots are also applied onto the CPD and following maps. In the new map, the shallow CPD anomaly is observed in a more horizontal (in the E-W direction), elliptical shape than the previous one (in the NW-SE direction) prepared by Ates et al. (2005) . Analytic Signal patches are generally located to the north and east of the anomaly's apex. However, apex region does not reflect any AS anomaly; this region is also surrounded by the different size of maxpots (Fig. 6) . The anomalies to the north and east are also well defined by the maxspots that surround their boundaries, either. Geothermal gradient calculations can be performed from the CPD values with a simple formula (Okubo et al. 1985 (Okubo et al. , 2005 Tsokas et al. 1998; Ates et al. 2005; Hsieh et al. 2014 ) and geothermal gradient map (Fig. 7) was constructed according to this formula. It indicates similar contour patterns as a derived map from the previous one (Fig. 6) .
The surface heat flows are calculated successively based on the geothermal gradient values. Mathematical background of heat-flow calculations and boundary conditions for this conversion were also given in the previous publications of the authors (Bilim et al. 2016 (Bilim et al. , 2017a (Bilim et al. , b, 2018 Aydemir et al. 2018 ). The heat-flow maps according to two different thermal conductivity coefficients were given in Fig. 8a, b . The contour patterns in these maps are consistent with the CPD and geothermal gradient maps as expected, but their contour label increments are opposite with CPD contours.
There are two reasons for the heat flow in the Earth; the first one is the conversion of the gravitational energy into thermal energy in the deeper sections of the Earth (in the lower mantle and core) and the second one is the radioactive decay in radioactive minerals (Uranium, Thorium and Potassium) in the crust and lithosphere. The radioactive decay could be assessed as the radiogenic heat production and it was also approximated in this research based on the magnetic data. As explained in the paragraph given above, mathematical background of this approximation is given in the authors' previous publications and the map of the radiogenic heat production is presented in Fig. 9 . 
Interpretation and conclusions
The Cappadocian region indicates high geothermal potential. In spite of many hot springs on the surface and limited SPA usages to the north of Cappadocia (Kirsehir and Kozakli), its geothermal potential has always been neglected. The crustal structure of the Cappadocia region has been studied since 2005 and that year is also the start date of geothermal investigations using the magnetic data in Turkey Aydin et al. 2005; Dolmaz et al. 2005a, b) . About 10 years later, the shallow structure of Cappadocia was investigated by Kosaroglu et al. (2016) and following this publication, the thermal potential was studied in detail (Bilim et al. 2017a ). This manuscript is the review of all these publications targeting crustal structure and thermal potential of the region.
Mt. Melendiz, Mt. Hasan and Mt. Erciyes are the main eruption centers for the large volcanic cover on the surface. Ignimbrites, tuffs and ashes were discharged from these mountains. First two mountains given above are the most significant and determinative volcanoes for the volcanism in the region. Both of them are located in the basinal depression area. Particularly, Mt. Melendiz looks like an island in the main depression. In addition to the investigations for the deep structure around the mountains, there is a shallow (about 2-km) deeper area for the recent times in the geological history, as well. In the previous publications of the authors Bilim et al. 2017a) , it was underlined that the large depression around both mountains cannot be accepted as a super-caldera by considering the data on the hand. It needs more evidences to come up with such a definition in contrast to existence of small calderas in the surrounding region (e.g., Meke Maar, Acigol, etc.). Additionally, this sector of Cappadocia does not reflect an apparent, striking gravity or magnetic anomaly . CPDs around Derinkuyu, Guzelyurt, Mt. Melendiz and Nigde are very shallow (7-8 km, Fig. 6 ). In association with the CPD anomaly, geothermal gradient map (Fig. 7) , heatflow maps according to two distinct thermal conductivity constants (Fig. 8a, b ) and radiogenic heat production map also indicate an anomalous zone in the same place defined above. This zone is also an AS anomaly-free zone surrounded by the maxspots. The lack of AS anomalies within the apex part of the shallow CPD anomaly may be interpreted that this region is still hot and it may be considered as the magma chamber bounded by the maxspots. In their magnetotelluric investigation in the same region, Tank et al. (2018) found a widespread conductive zone around Mt. Hasan and they suggested that it might be associated with a hydrothermal system around the mountain. Their results support findings of present study. However, Mt. Hasan and Mt. Melendiz are located to the W and SW of the possible magma chamber or an old large caldera Bilim et al. (2017a) . Contour interval is 2 °C km −1 . Blackwhite patches represented as gray images illustrate the locations of causative bodies (AS analytic signal) Fig. 8 Heat-flow maps of the Cappadocian region from Bilim et al. (2017a) . a For thermal conductivity 2.3 W/m/K; b for thermal conductivity 2.7 W/m/K. Contour interval is 5 mW/m 2 . Black-white patches represented as gray images illustrate the locations of causative bodies (AS analytic signal) (Buyuksarac 2002) . Mt. Hasan is surrounded by the maxspots while Mt. Melendiz is being surrounded only from the north. Both volcanic eruption centers are represented with small size of AS anomalies (Figs. 6 and 7) and both of them are in the middle of deep (8-12 km) depressional area (Aydemir and Ates 2006; Aydemir 2008) . All these evidences strengthen the idea that their roots or main vents are not beneath their surface cones; instead, they were fed by a magma chamber located to the E and NE.
On the other hand, AS anomaly patches to the north and to the east are probably older emplacements originated from the same magma chamber. Since they are observed as apparent magnetic anomalies (Figs. 2, 6 and 7) , it may be claimed that they are cold (below 580 °C) emplacements so that they could be represented with strong magnetic anomalies. In addition, maxspot elongations separate the bunch of AS anomalies in the NW of the possible magma chamber (to the west of Nevsehir-Guzelyurt axis), from the northern AS group (between Nevsehir-Urgup and Derinkuyu) and the eastern AS gathering (to the west of Yesilhisar). These maxspots patterns of closed areas suggest that each of them may represent eruptions at different geological times. Another interpretation may come with their close locations around the magma chamber, so that they are still hot but not as high as the peak of high geothermal gradient anomaly and the shallowest CPD contours of 7-8 km (between the Mt. Melendiz, Nigde and Derinkuyu).
The maxspots (maxima of the horizontal gradients) from the boundaries of magnetic anomaly causative bodies are useful tools for determining locations of vertical or steeply dipping intrusions. In case of having magnetic anomaly-free zone surrounded with maxspots, it may be interpreted as a magma chamber or a chimney of an old volcanic eruption center that still has a main vent extending down to a magma chamber. Considering all these observations, it is possible to claim that the shallow CPD zone between Derinkuyu, Guzelyurt, Mt. Melendiz and Nigde is an attractive and prospective area for the exploration of geothermal resources. However, this zone needs more detailed geological, geophysical surveys with diverse and wide variety of methods to get focused on specific drilling locations. Unfortunately, Tank et al. (2018) studied only the south and eastern part of the large, possible caldera. If their magnetotelluric profiles had been extended further north, new and more detailed evidences for this possible caldera would have been obtained.
By considering the magmatic and volcanic characteristics of all formations in Cappadocia, reservoir(s) should not be expected or limited reservoirs can be found for the hydrothermal-geothermal energy type in this region. Instead, hot dry rock (HDR) energy (Di Pippo 2008) can be produced from these volcanic units. In this geothermal energy type, geological formations do not bear good reservoir conditions (they indicate very low porosity and permeability percentages) as expected in Cappadocia. In Fig. 9 Crustal radiogenic heat production map of the Cappadocian region Bilim et al. (2017a) . Contour interval is 0.5/μWm 3 . Black-white patches represented as gray images illustrate the locations of causative bodies (AS analytic signal) case of existence of such rock types, they require creating induced porosity and permeability to compensate the lack of natural pores and natural fractures within the deeper hot rocks. To induce the convenient reservoir condition, the hydraulic fracturing and horizontal (or deviated) drilling methods may be executed for the power plants to be constructed in this area, in the future. In the operational side of hydraulic fracturing, water and proppant mixture (sand mixed with water) is ejected into the hot rock to create and to sustain the artificial fractures. When the artificial reservoir conditions are provided by these operations, required amount of cold water is injected into the fractures of hot rock and after heating of water, it is drawn up to the surface for circulation within the power plant. Fortunately, the required amount of water for the operations and circulation between the production-injection wells may be obtained from the abundant small rivers, dams and ponds in this region.
